Introduction
miRNAs are single-stranded endogenous small non-coding RNAs that comprise 1-3% of the human genome [1] . miRNAs have been found to play a crucial role in maintaining and dynamically altering the levels of mRNAs. One of the well-known functions of miRNA is the post-transcriptional regulation of gene expression [2] . miRNAs are initially transcribed as primary transcripts (pri-miRNAs) by RNA polymerase II (Pol II) and are subsequently cleaved to 65-70 nucleotide precursors (pre-miRNAs) by RNA endonuclease Drosha [3, 4] . premiRNAs occur as thermodynamically stable hairpin structures that are exported to the cytoplasm via Exportin-5 and processed to a short double-stranded RNA duplex by RNA endonuclease Dicer. miRNA duplexes are then loaded into particular types of AGO proteins. Following AGO loading, one strand is degraded [2, 3] . The other strand preferentially remains and forms a mature RNA-induced silencing complex (RISC) that binds to the complementary mRNA and cleaves the transcript products. This action prevents the translation of mRNAs into proteins [5, 6] . Canonical miRNA biogenesis is shown in Fig. 1A .
In the short double-stranded RNA duplex, the strand with presumable biological activity is named the guide strand, while the discarded strand is termed the passenger strand (or miRNA star) [7] . Fig. 1B shows the models of AGO sorting and strand selection. The central mismatching and bulge on the miRNA duplex can promote sorting of the duplex to the appropriate type of AGO protein in Drosophila [7] . In contrast, the four human AGO proteins (AGO1-4) are associated with miRNA duplexes without any clear preference [4] . Strand selection is not random, and some selection factors have been revealed. Duplex end stability is one determinant factor, where the strand whose 5′ end has less structure is favoured to be chosen as the guide strand [8, 9] . The 5′ terminal nucleotide effects the choice of guide strand and different AGO proteins prefer different nucleotides. For example, AGO1 tends to select the strand with U at the 5′ end as a guide strand [9] [10] [11] ; while the pocket within AGO2 prefers a pA or pU 5′ terminus [12] .
The asymmetry of miRNA strand selection does not necessarily imply that the passenger strand is non-functional. Many studies have demonstrated that the passenger strand can also constitute a mature RISC and interact with target genes [13] [14] [15] . The 5′ and 3′ side of the pre-miRNA hairpin structure define the two arms of miRNA. The miR5p and miR-3p represent 5′ mature miRNA and 3′ mature miRNA, respectively, as shown in Fig. 1C . In different tissues, developmental stages and species, the biological system may select different arms as the dominant expressed one [16] [17] [18] . The phenomenon of alternative strand selection has been termed 'arm switching' [19] . The molecular mechanisms that underlie miRNA strand selection and that lead to arm switching are not entirely clear. Previous studies have suggested that Dicer cleavage governs arm switching [20] [21] [22] . Alternative Drosha processing which changes the thermodynamic stability of the miRNA duplex ends can also explain an arm switching event [23] . Both arms could be co-accumulated as miRNA pairs in some tissues while being subjected to arm selection in other tissues [18] . Arm switching can frequently occur (~11%) in insects between orthologous miRNAs [24] . Other studies have shown that two arms from the same precursor tend to have different targeting properties [25] . In brief, arm switching provides a basic mechanism to evolve the function of miRNA and may be a fundamental mechanism of miRNA diversification [14, 19, [26] [27] [28] .
The importance of miRNAs in cancer has been demonstrated via direct interaction with oncogenes or tumour suppressor genes [29] . Differentially expressed miRNAs have been proposed as biomarkers for cancers [30, 31] . Circulating miRNA could also be a potential biomarker for cancer diagnosis and prognosis [32] . Moreover, some cancer-related studies have integrated miR-5p and miR-3p together [33] [34] [35] . For example, miR-193a-5p and miR-193a-3p were found significantly increased in breast cancer and revealed that strand expression preference may be a means of modulating miRNA function [36] . miR-5p and miR-3p differential expression between tumour tissue and tumour-adjacent tissue has been reported in gastric cancer [37] . miR-5p and miR-3p have been found that co-express and cross-target in colon cancer cells [38] . Moreover, dysregulation of miR-5p/miR-3p specific miRNAs were found in gastric cancer in a TCGA data set [39] . Furthermore, a study of specific differences in the function of an arm-switched miRNA in a lung cancer has been performed [40] . Recently, a database for small RNA sequencing in human cancer research can visualize expression of arm switching miRNAs has been published [41] . Although the mechanism of arm switching is not fully understood, some studies have linked arm switching to cancers. Nonetheless, there are still no miRNA biomarkers based on arm switching to our knowledge. In this study, we investigated the arm switching pattern in different tumours and demonstrated that some pre-miRNAs tend to select different arms in tumour and tumouradjacent tissues. We also correlated arm switching events in pancancers with patient survival. Our results support the notion that miRNA arm switching could be a novel biomarker for different cancers.
Materials and methods
In order to discover novel tumour biomarkers based on miRNA arm switching, we implemented a workflow as shown in Fig. 2 . The overall workflow contains four parts: arm switching miRNA identification, enrichment analysis, survival analysis, and biomarker discovery. The arm switching miRNA identification module marks strand selection preference between tumour and tumour-adjacent samples for each premiRNA initially and then identifies arm-switched miRNAs. The function analysis module annotates different arms of pre-miRNA and reveals the function for each arm for each biomarker candidate. The survival analysis module is used to identify arm-switched miRNAs which are associated with patient survival. The biomarker discovery module applies SVM to find combination biomarkers of arm-switched miRNAs.
Data sources
Thirty three cancer types including 11158 datasets were collected from the public database TCGA (http://cancergenome.nih.gov/). A summary table of the data sets that includes the cancer types are shown in Supplementary Table 1 . The sample types we collected were tumour tissue and tumour-adjacent tissue (Normal tissue). Processed miRNA-Seq data were directly extracted from tab-delimited (.txt) data files in level 3. The survival information was obtained from the clinical files and incomplete samples were excluded from the survival analysis. Basic information of miRNAs was extracted from miRBase (Release 21, http:// www.mirbase.org/) [42] . The annotation of TCGA miRNA-Seq level 3 data is based on miRBase v16, so there are only 1046 pre-miRNAs of which 318 pre-miRNAs are annotated with two arms. The experiment validated targets were extracted from miRTarBase 7.0 [43] and TarBase 8.0 [44] .
Arm switching miRNA identification
To evaluate the arm switching patterns, we calculated a miR-5p ratio for each pre-miRNA in each sample originally developed by Hu et al. [45] . We defined an average miR-5p ratio arm switch criteria for multi-samples in this study as:
miR-5p i miR-5p i þ miR-3p i miR-5p (or miR-3p) represents the expression RPM value of miR-5p (or miR-3p). N is the number of samples in each tumour. We determine the dominant arm by averaging the miR-5p ratio. The ratio was adopted
Research in context
Evidence before this study microRNA is a~20 nucleotide RNA derived from a hairpin-like precursor miRNA. miRNA acts as an important regulator of mRNA expression levels. miRNAs have been reported to play critical roles in tumours and to have potential as diagnostic biomarkers. Arm switching denotes a biochemical phenomenon where the mature miRNA switches between one of the two arms of precursor miRNA and has been observed to occur in different species, tissue types, or development stages. Arm switching is also found in different tumours and their adjacent normal tissues. With advances in next-generation sequencing in tumours, particularly The Cancer Genome Atlas (TCGA) dataset, it has now become possible to mine and identify dynamic changes in RNA transcripts, and to associate these with patient survival information. The TCGA miRNA-Seq dataset makes searching arm switching events in pan-cancers now possible.
Added value of this study miRNA expression levels can be utilized as potential diagnostic biomarkers for many cancers, while the application of arm switching miRNA in this context remains lacking. We identified and then compared arm switching events between tumour tissues and tumour-adjacent tissues and also applied artificial intelligence to exploit these results in order to obtain a panel of biomarkers. Hence, although the mechanism of arm switching remains unclear, we identified arm switching miRNAs with potential use as biomarkers for various cancers with excellent diagnostic and prognostic value.
Implications of all the available evidence
Our results suggest that miRNA arm switching occurs in specific cancers in a specific pattern. Such knowledge would be useful not only in enlightening basic molecular biology mechanisms, but also in gaining knowledge in pathophysiology of cancer.
as a measure of the arm selection, where 1 ≥ ratio N 0.5 indicates miR-5p dominant expression, and 0.5 N ratio ≥0 indicates miR-3p dominant expression.
In normal or tumour samples, we labelled each pre-miRNA by the above calculation. We then defined an arm switching event between normal and tumour samples by finding a transformation between miR-5p and miR-3p dominant expression.
Enrichment analysis
The experimentally validated targets were extracted from miRTarBase 7.0 [43] and TarBase 8.0 [44] . Bioconductor R package clusterProfiler [46] and GOSemSim [47] were applied to perform enrichment analysis and to measure the similarity of GO terms, respectively. We chose the Wang method to measure the semantic similarity of GO terms [48] . 
Survival analysis
Multivariate Cox regressions were performed with the coxph function from the R survival library to test statistical significance [49] .
Biomarker discovery
miRNA expression profiles can be used for classifying tumours [50] , and up-or down-regulated miRNAs could be a biomarker for diagnosis [51] . Briefly, in most studies, miRNA signatures are the expression of miRNA. In this study, we applied arm switching events in place of expression levels to discover the differences in arm switching signatures between tumour and normal tissues.
The workflow of biomarker discovery is shown in Fig. 2 . In the TCGA dataset, the number of tumour samples was always more than normal samples and it was necessary to balance the sample number before training. We sampled the same number of tumour samples as normal samples for each cancer. We randomly sampled 50 times to make the negative and positive training sets to have equal size, and the average classification accuracy is based on each time. For each k-combination miRNA, we applied SVM with linear kernel and combined a 5-fold cross validation method to select the best combination of tumour markers [52] . The average classification accuracy of each k-combination miRNA should be above 80% to meet the conditions of selection.
Results

Arm switching events identified between tumour and tumour-adjacent
Based on the workflow described in methods (Fig. 2) , we searched for arm switching miRNAs between tumour and tumour-adjacent tissues. We identified 51 miRNAs that displayed arm switching in 16 different tumours: Colon adenocarcinoma (COAD), Kidney renal papillary cell carcinoma (KIRP), Uterine corpus endometrial carcinoma (UCEC), Kidney chromophobe (KICH), Kidney renal clear cell carcinoma (KIRC), Esophageal carcinoma (ESCA), Prostate adenocarcinoma (PRAD), Bladder urothelial carcinoma (BLCA), Head and neck squamous cell carcinoma (HNSC), Lung adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC), Cholangiocarcinoma (CHOL), Liver hepatocellular carcinoma (LIHC), Breast invasive carcinoma (BRCA), Thyroid carcinoma (THCA), and Stomach adenocarcinoma (STAD) with a criteria that the number of the tumour-adjacent samples is N8. Fig. 3 shows 51 arm switching miRNAs detected from 16 tumours vs. tumour-adjacent tissues (normal tissues). Results of basic statistical analysis of these arm switching miRNAs are in Supplementary Table 2 .
We found some miRNAs that could frequently arm switch. They were hsa-mir-30e (in 10 tumours), hsa-mir-17 (in 9 tumours), hsa-mir-671 (in 8 tumours), hsa-mir-106b (in 7 tumours), hsa-mir181c (in 7 tumours), hsa-mir-556 (in 7 tumours), hsa-mir-324 (in 6 tumours), and hsa-mir-1228 (in 5 tumours). While most arm-switching events were consistent in arm preference (miR-5p to miR-3p or vice versa) in tumour tissues, hsa-mir-106b and hsa-mir-130b showed different arm preference depending upon the tumour (miR-5p dominant in some, miR-3p in others). COAD showed the most number of armswitched miRNAs.
Functional enrichment analysis of paired miR-3p and miR-5p
In order to explore the arm switching effect of the 51 pre-miRNAs, we performed GO and KEGG enrichment analysis for miR-3p and miR5p arms, respectively. For this analysis, we used the experimentally validated targets of 51 paired miRNAs extracted from miRTarBase 7.0 [43] and TarBase 8.0 [44] . The results of these 51 arm switching miRNAs in heat map format are shown in Fig. 4 . The full enrichment analysis results in text format are shown in Supplementary Table 3 . We found that for most pre-miRNAs, the respective targets of the two individual arms are associated with different terms, and similarity of terms shows different functions. While the arm switching event of some miRNAs do not affect the function, such as mir-30e and mir-17.
Novel tumour biomarkers based on miRNA arm switching
We applied SVM with 5-fold cross validation method to exhaustively search n (n = 1, 2, 3) combination of 51 arm switching miRNAs for 16 cancers (tumour-adjacent samples number ≥ 8). One-, 2-and 3-combination biomarkers with average accuracy are listed in Supplementary Table 4 whose average classification power accuracy is N80%. From Supplementary Table 4, we found 23 unique arm switching miRNAs from 8 cancers (BLCA, CHOL, COAD, KICH, LIHC, LUAD, LUSC, and UCEC). Boxplots of expression from the 2 arms of the 23 potential biomarkers that reached statistical significance are shown in Fig. 5 .
Among the best biomarkers, hsa-mir-29b-2 selects miR-29-3p arm as dominantly expressed in tumour and the miR-5p ratio of hsa-mir-29b-2 can classify COAD tumour and normal with 100% accuracy. As a tumour promoter, miR-29-3p mediates epithelialmesenchymal transition (EMT) and promotes metastasis in breast cancer and colon cancer [53] . The miR-5p ratio of hsa-mir-136 could classify tumour and normal in LUAD (accuracy: 0.83), LUSC (accuracy: 0.92), and BLCA (accuracy: 0.81). The miR-5p ratio of hsa-mir-30e could classify tumour and normal in BLCA (accuracy: 0.83), CHOL (accuracy: 0.93), COAD (accuracy: 0.96), LIHC (accuracy: 0.81), and LUSC (accuracy: 0.82). miR-136-5p and miR-30e-5p are dominantly expressed in tumour tissue (see Fig. 3 ).
Arm switching events identified in pan-cancer
We also investigated arm switching between 33 different tumour types. Fig. 6 shows a landscape of arm switching events in pan-cancer. In Fig. 6 , Ovarian serous cystadenocarcinoma (OV) is significantly different from other cancers in arm switching patterns. In most miRNAs, we could observe three patterns: miR-5p preference, miR-3p preference, and not expressed in tumours compared to others. When pre-miRNA arm preference changes, it usually does not change in many different cancers, which suggests arm switching may be a specific event for each cancer and not a general cancer mechanism.
We tested the association of the identified 51 miRNAs based on miR5p expression ratio of pre-miRNA with patient survival. We found 7 miRNAs that were highly associated with patient survival. The KaplanMeier plots of survival association with the 7 biomarkers are shown in Fig. 7 . Ten associations were identified where arm-switched miRNAs were associated with increased survival. Some of the miRNAs were associated with increased survival in more than one cancer. For example, hsa-mir-181c was associated with BRCA, LIHC, and LUSC. Conversely, 3 cancers (KIRP, LIHC, and UCEC) had more than one arm-switched miRNA associated with it. The strand dominance did not favour miR5p or miR-3p as some miRNAs were represented by both strands. While those miRNAs identified were significant (p b .05, Cox regression), some of the differences in survival were dramatic such as hsamir-34b (KIRP) and hsa-mir-181a-2 (UCEC).
Discussion
Cancer is a complex disease that involves multiple factors that play a role in its development and progression. miRNA is one of these key factors, and its dysregulated expression has been altered in different cancer types and during several stages of cancer. In the present study, we applied and validated miRNA arm switching expression as a basis for biomarker discovery. We identified 51 pre-miRNAs that displayed arm switching in different cancer types. All arms from 51 pre-miRNAs have been associated with cancer from previous studies. A summary of these studies are shown in Supplementary Table 5 . We observed that the miR-5p and miR-3p were treated separately in those studies and were found dysregulated in different tumours. Some were reported as arm switching miRNAs or analysed as miR-3p and miR-5p together by previous studies. For example, in 2015, Pundhir et al. found mir-30e and mir-30a could arm switch in 9 different tissue cell lines based on ENCODE datasets [54] . Earlier studies have found that two arms of mir-17 could participate in the same biological process. In 2013, Yang et al. found that miR-17-5p and miR-17-3p could target TIMP3 at the same time to promote the growth and invasion of prostate cancer [55] . Shan et al. found that miR-17-5p and miR-17-3p induced liver cancer by targeting PTEN and GalNT7 [56] . Impressively, some arm switching miRNAs from the 51 pre-miRNAs could be circulating miRNA biomarkers for cancers. They were serum miRNAs: miR-369-5p, miR-30e-5p, and miR-423-3p and plasma miRNAs: miR-671-3p, miR-483-3p, and miR-744-5p.
While the TCGA database has proven to be a rich resource for biomarker studies, our results would be strengthened if we could validate some of our findings in independent data sets. Taking a sampling of datasets from the GEO database, we were able to confirm arm switching of mir-324, mir-181c, mir-556, mir-195, mir-424, mir-185, and mir-483 in the same direction (miR-5p dominant to miR-3p dominant or vice versa) and in same or similar tumour types. The GEO dataset, platform, tumour type and number of samples and t-test values are provided in Supplementary Table 6 . GO and KEGG analysis of their experimentally verified targets are provided in Supplementary Fig. 1 . As we did not exhaustively search the GEO database and we confirmed in different microarray and sequencing platforms, there may be more arm-switched miRNAs that could be validated.
We also identified 7 arm switching miRNAs associated with patient survival and 23 high accuracy 1-combination arm switching miRNAs that classify tumour and normal and many 2-and 3-combination biomarkers. Based on the enrichment analysis, we were not able to determine whether the two arms of miRNA work cooperatively or not. The arm switching pattern generated from 33 tumours denote that arm switching does not frequently occur, and most miRNAs tend to conservatively choose one arm as the dominantly expressed one.
Some studies analysed miR-3p and miR-5p forms together. Dual strands of hsa-mir-150 and hsa-mir-145 act as tumour-suppressors in prostate cancer and lung cancer respectively [57, 58] . In previous studies, miR-195-5p tends to suppress the development of the tumour. In colon cancer, miR-195-5p promotes cell apoptosis and suppresses tumour cell invasion and metastasis by downregulating the Bcl-2 gene [59] . In liver cancer, miR-195-5p targets PHF19 and CBX4 to suppress the development of the tumour [60, 61] . Based on Supplementary Table 3 , we found that miR-195-5p has a well-defined biological function, while miR-195-3p had no enriched pathways and non-significant GO terms. miR-17-5p and miR-17-3p can enrich the same KEGG pathways related to cancer, such as Transcriptional misregulation in cancer (hsa05202), Colorectal cancer (hsa05210), Glioma (hsa05214), Bladder cancer (hsa05219), Chronic myeloid leukemia (hsa05220), Hepatocellular carcinoma (hsa05225), and Gastric cancer (hsa05226).
The expression levels of miRNAs may be small, and this limits sensitivity. Nonetheless, our study demonstrates the concept of using miRNA arm-switching in cancer tissues to observe dynamic changes in miRNA at the molecular level. As sequencing technologies advance, and costs for sequence determination decrease rapidly, the feasibility of sequencing tissues for biomarkers is becoming greater. Our studies indicate here specific miRNA arms that should be interrogated as markers when tissue is available. Finally, while the function of RNA arm switching events remains to be elucidated, our results provide additional motivation for its investigation. Such knowledge would be useful not only in enlightening basic molecular biology mechanisms, but also in gaining knowledge in pathophysiology of cancer. Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.11.003.
